ABSTRACT: Phycocyanin with important physiological/environmental significance has attracted increasing attention; versatile molecularly imprinted polymers (MIPs) have been applied to diverse species, but protein imprinting is still quite difficult. Herein, using phycocyanin as template via a sol−gel process, we developed a novel fluorescent probe for specific recognition and sensitive detection of phycocyanin by quantum dots (QDs) based mesoporous structured imprinting microspheres (SiO 2 @QDs@ms-MIPs), obeying electron-transfer-induced fluorescence quenching mechanism. When phycocyanin was present, a Meisenheimer complex would be produced between phycocyanin and primary amino groups of QDs surface, and then the photoluminescent energy of QDs would be transferred to the complex, leading to the fluorescence quenching of QDs. As a result, the fluorescent intensity of the SiO 2 @QDs@ms-MIPs was significantly decreased within 8 min, and accordingly a favorable linearity within 0.02−0.8 μM and a high detectability of 5.9 nM were presented. Excellent recognition specificity for phycocyanin over its analogues was displayed, with a high imprinting factor of 4.72. Furthermore, the validated probe strategy was successfully applied to seawater and lake water sample analysis, and high recoveries in the range of 94.0−105.0% were attained at three spiking levels of phycocyanin, with precisions below 5.3%. The study provided promising perspectives to develop fluorescent probes for convenient, rapid recognition and sensitive detection of trace proteins from complex matrices, and further pushed forward protein imprinting research.
INTRODUCTION
The development of fluorescent labels has been driven by the demand of multiplex bioassays for simple instrumentation and processing. 1 Organic dyes are often used as the conventional fluorescent labels in fluorescence immunoassay biological detection, owing to their small size, good biocompatibility, and relatively high fluorescent intensity. 2, 3 However, they are easily photobleached and often have narrow absorption and broad emission spectra with long tailing, which results in low detection sensitivity. 4, 5 Thus, semiconductor quantum dots (QDs) (e.g., CdSe, CdTe) have received increasing attention, because of their good photostability, bright photoluminescence, narrow emission and broad excitation, high quantum yields, and large Stokes shift. 5−8 Based on the changes of fluorescence spectra, such QD labels have been widely used to detect various species such as ions, small organic molecules, and biomacromolecules. 5, 9, 10 Nevertheless, selectivity is still a challenging concern of QDs based probes and sensors. 11 To improve the selectivity of QDs based probes and sensors, a kind of highly selective material, molecularly imprinted polymers (MIPs), 12 has been introduced as recognition units. 12−14 Recently, surface imprinting has displayed good prospects in MIPs field especially for protein imprinting compared to traditional MIPs, by virtue of its remarkable advantages such as better site accessibility, lower mass transfer resistance, more complete removal of templates, and better defined material shape. 15, 16 These recognition sites can mimic the binding sites of antibodies and other biological receptor molecules. Another important approach involving the detection element is chemical modification, which affords not only the desired surface binding sites but also excellent stability. 17 Among various modifications of QDs for MIPs, QDs incorporation and sol−gel polymerization have received considerable attention. 18−21 For example, our group has developed high-affinity dummy MIPs-capped QDs by a sol− gel process for the recognition and sensing of trace 2,4,6-trinitrotoluene in soil samples matrixes. 20 Wang's group has reported the formation of a MIPs based hydrophobic QDs sensor via a reverse microemulsion, and its application for the detection of ractopamine. 21 Usually, these types of systems are fabricated by encapsulating QDs into silicon material so that the fluorescence of QDs are weak and the morphologies of MIPs still leave much to be desired. 20, 21 In order to further improve the morphology of particles, as well as to make such systems possess favorable fluorescence spectra, some support materials have been used, such as silica nanoparticles and magnetic particles. 22−24 Among the support materials, silica nanoparticles are especially popular to improve the morphology of core−shell MIPs particles. The rigid, highly cross-linked structure of silica by sol−gel polymerization allows the creation of delicate recognition sites compared to more flexible organic polymers, owing to the unique properties of silica such as inertness and biocompatibility. 25, 26 MIPs based sensors and probes are prepared to link lots of QDs "satellites" on the surface of SiO 2 nanoparticles, and the QDs can be situated at the surface or in the proximity of the surface, so the fluorescence of QDs is strong. MIPs based composite materials combine the favorable molecular recognition specificity of MIPs with additional functions of other materials such as mesoporous silica, which are more suitable in practical applications. 24 Mesoporous silica materials possess large pore volume and nanosized pore wall thickness and therefore have become popular substrates in surface imprinting. 27 The recognition sites of imprinted mesoporous silica materials are located near to the surface, which offers high accessibility for target molecules; this is especially important for a highly cross-linked matrix because it hinders molecules from moving freely. 28 Accordingly, we have reasons to expect that developing such mesoporous structured MIPs composite systems will particularly facilitate addressing the quite difficult issue of protein imprinting.
Phycocyanin, a blue colored photosynthetic accessory pigment protein, exhibits significant biological and biomedical values. 29 Also, it has important environmental significance, because it can be used as an effective indicator of cyanobacterial blooms owing to its close relationship with cyanobacterial biomass. 30 Besides the reported remote sensing methods, 30 in which empirical and semiempirical models are commonly used to estimate the relationship between phycocyanin concentrations and water quality, few measurement methods have been developed. 31, 32 So, it is quite imperative to develop effective strategies for recognition and determination of phycocyanin.
In this work, we proposed a novel QDs based mesoporous structured imprinting microspheres probe strategy via a sol−gel polymerization for the fluorescent detection of phycocyanin based on electron-transfer-induced fluorescence quenching mechanism. SiO 2 nanoparticles were used as support materials, QDs were linked on its surface, and then the mesoporous structured imprinting silica shell was deposited, to fabricate the unique mesoporous structured MIPs microspheres probe, namely, SiO 2 @QDs@ms-MIPs. The microspheres possessed CdTe QDs as fluorescence detection units and mesoporous structured imprinting silica shell as selective recognition units, along with SiO 2 nanoparticles as support cores. The probe was well characterized, and its binding capacity, response time, sensitivity, stability, and selectivity were investigated systematically. Consequently, the probe was successfully applied to the detection of trace phycocyanin in seawater and lake water samples with satisfactory results, indicating its great application potential for specific recognition and accurate quantification of proteins in complex matrices.
EXPERIMENTAL SECTION
2.1. Materials. Phycocyanin, phycoerythrin, and spirulina powder were kindly supplied by Shandong Oriental Ocean Co. (Yantai, China). Albumin from chicken egg (CEA), bovine serum albumin (BSA), lysozyme (LYZ), 2-N-morpholinoethanesulfonic acid (MES), 3-aminopropyltriethoxysilane (APTES), cetyltrimethylammonium bromide (CTAB), 3-ethylcarbodiimide hydrochloride (EDC), and Nhydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (Shanghai, China). Tellurium powder, Triton X-100, cadmium nitrate (Cd(NO 3 ) 2 ), and sodium borohydride (NaBH 4 ) were purchased from Shanghai Chemical Reagents Co. (Shanghai, China). Sodium hydroxide (NaOH), tetraethoxysilicane (TEOS), ammonia solution (NH 3 ·H 2 O), hydrochloric acid (HCl), thioglycollic acid (TGA), ethanol, phosphate buffered saline (PBS), and other affiliated materials were all provided by Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All solvents, chemicals, and materials were of at least analytical pure grade and used directly without further purification unless otherwise specified. All aqueous solutions throughout the work were prepared with ultrapure water (18.2 MΩ specific resistance), which was produced by a Pall Cascada laboratory water system (Millipore, Bedford, MA, USA).
2.2. Synthesis of Amino-Functionalized SiO 2 Nanoparticles. Silica (SiO 2 ) nanoparticles were synthesized based on the Stober method 33 with necessary modification. Briefly, 30 mL of ethanol and 50 mL of ultrapure water were mixed, followed by adding 10 mL of NH 3 ·H 2 O, and the mixture solution was magnetically stirred under room temperature for uniformity. Then, 5 mL of TEOS and 20 mL of ethanol were added drop by drop with a constant-pressure dropping funnel, and then the resultant mixture solution was stirred for 6 h. A 5 mL aliquot of APTES was then added, and the mixed solution was magnetically stirred for 12 h under room temperature. The obtained amino-functionalized SiO 2 nanoparticles were purified by repeated centrifugation and washing with ethanol. Then the amino-functionalized SiO 2 nanoparticles were dispersed in 50 mL of ethanol, for use.
2.3. Synthesis of Carboxylated CdTe QDs. The carboxylated CdTe QDs were synthesized according to our previous report. 20 As a result, the TGA stabilized carboxylated CdTe QDs were obtained.
2.4. Preparation of SiO 2 @QDs. A 5 mL aliquot of aminofunctionalized SiO 2 solution was dispersed into 45 mL of MES buffer (0.1 mM). Meanwhile, 6 mL of EDC (20 mg/mL) and 6 mL of NHS (10 mg/mL) were successively added into 10 mL of carboxylated CdTe QDs solution. After the carboxyl groups were activated, the QDs solution was added drop by drop into the preceding SiO 2 solution. 22, 34 The resultant mixture was stirred for 12 h in the dark at room temperature. Then the obtained SiO 2 @QDs composite nanoparticles were purified by repeated centrifugation at 7000 rpm for 5 min, to remove the unbound QDs, and finally the obtained nanoparticles were dispersed into 50 mL of PBS solution (0.01 M, pH 7.5).
2.5. Preparation of Mesoporous Structured MIPs (SiO 2 @ QDs@ms-MIPs). A 10 mL aliquot of SiO 2 @QDs nanoparticles solution was dispersed into 30 mL of ultrapure water and then was ultrasonicated for 10 min. A 160 μL aliquot of APTES and 20 mg of phycocyanin were added and stirred for 30 min, and then 1.6 mL of CTAB (0.2 M) and 0.2 mL of NaOH (0.2 M) were added. After stirring for 30 min, 200 μL of TEOS and 200 μL of NH 3 ·H 2 O were added to the mixture and kept stirring for 12 h in the dark. The products were washed three times with a mixture solvent of ethanol/ 0.1 M HCl (8:2, v/v) to remove phycocyanin and CTAB and then were dried in a vacuum oven at 40°C. Finally, the mesoporous structured products were attained, namely, SiO 2 @QDs@ms-MIPs, and for simplicity, MIPs were also used to indicate the products. On the other hand, mesoporous structured nonimprinted polymers, i.e., SiO 2 @QDs@ms-NIPs (NIPs, for simplicity), were also prepared by the same procedure without the addition of template phycocyanin.
Moreover, as a control, SiO 2 @QDs@MIPs were also prepared in the same way as SiO 2 @QDs@ms-MIPs without adding CTAB.
2.6. Characterization. The morphological evaluation was performed by scanning electron microscope (SEM, JSM 5600 LV, operating at 20 kV), transmission electron microscope (TEM, JEM-1230, operating at 100 kV), and high resolution TEM (HRTEM, JEM-2010HR, operating at 80 kV). N 2 adsorption−desorption isotherms and structure parameters were determined via Brunauer−Emmett− Teller (BET) analysis by Full-Automatic Specific Surface Instruments (3H-2000BET-A, Beishide Instruments). Infrared spectra were obtained from Fourier transform infrared spectrometer (Nicolet iS10, Thermo Scientific) to examine the preparation process. Fluorescence spectra were recorded using a spectrofluometer (Fluoromax-4, HORIBA): excitation light was set at 590 nm, and the emission spectra were measured from 605 to 700 nm for phycocyanin, and the silt widths of excitation and emission were set at 5 and 5 nm, respectively; 31 excitation light was set at 397 nm and the emission spectra were recorded from 450 to 600 nm for QDs. A fluorescence microscope (BX61, Olympus) was used to observe the fluorescence microscopy image on a glass slide equipped with a CCD camera. UV/vis absorption spectra were recorded to test the binding properties of polymers on a spectrophotometer (NanoDrop 2000/ 2000C, Thermo Scientific) at the wavelength of 280 nm. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) experiment was conducted with 5% stacking gel and 15% running gel.
2.7. Analysis of Water Samples. Water samples were utilized to examine the practical applicability of the SiO 2 @QDs@ms-MIPs for the phycocyanin detection. Surface seawater samples from the Fisherman's Wharf of the Yellow Sea located in the coastal zone area of Yantai City were gathered into a Teflon bottle. Lake water samples from an artificial lake located in Laishan District of Yantai City were collected into a Teflon bottle. And the water samples were all filtrated through 0.45 μm PTFE syringe filters (Phenomenex, Los Angeles, CA, USA) to remove the suspended particles before use.
A 6 mg amount of SiO 2 @QDs@ms-MIPs (or SiO 2 @QDs@ms-NIPs) was dispersed into 2 mL of 100-fold diluted seawater samples spiked with the mixture of phycocyanin, CEA, and BSA individual at 1 mg/mL, and then the mixture was incubated for 12 h at room temperature under gently shaking. Finally, 10 μL of the supernatant solutions of each sample was collected and analyzed by SDS-PAGE.
The spiked seawater and lake water samples were used to validate the accuracy and practicality of the SiO 2 @QDs@ms-MIPs probe. Because no phycocyanin was detectable in the collected water samples, recovery experiments were carried out with phycocyanin for the spiked test. A 5 mg amount of SiO 2 @QDs@ms-MIPs was first dispersed into 10 mL of ultrapure water, and then 0.1 mL of the solution was added into 2 mL of a 100-fold dilution of seawater sample or 2 mL of lake water sample, spiked with phycocyanin at three concentration levels of 0.1, 0.2, and 0.5 μmol/L. Then the fluorescence spectra were recorded. All of the tests were carried out in triplicate, and the average values from triplicate independent results were utilized for the following discussion.
RESULTS AND DISCUSSION
3.1. Preparation of SiO 2 @QDs@ms-MIPs. Figure 1 schematically illustrates the preparation process of SiO 2 @ QDs@ms-MIPs. As seen, SiO 2 nanoparticles were used as core support materials, and lots of CdTe QDs "satellites" were linked on the surface of the amino-functionalized SiO 2 core by virtue of amide bonding. Then, functional monomer (APTES), template molecule (phycocyanin), cross-linker (TEOS), catalyst (NH 3 ·H 2 O), and surfactant (CTAB) were added to form the imprinted silica shell on the surface of SiO 2 @QDs. After removing the embedded template protein phycocyanin and surfactant CTAB, SiO 2 @QDs@ms-MIPs with specific imprinted cavities and mesoporous structures were obtained. The ms-MIPs silica shell layer could not only protect the fluorescence of QDs and effectively decrease QDs toxicity but also facilitate high accessibility into binding sites and rapid mass transfer of template molecules. In the presence of phycocyanin, a Meisenheimer complex would be produced between phycocyanin and primary amino groups on the surface of the QDs, and then the photoluminescent energy of QDs would be transferred to the complex and result in QDs fluorescence quenching. So, the phycocyanin could be detected fluorescently by the SiO 2 @QDs@ms-MIPs.
3.2. Characterization of SiO 2 @QDs@ms-MIPs. The morphological structures of SiO 2 @QDs and SiO 2 @QDs@ms-MIPs were characterized by SEM and TEM. It was observed from Figure 2A ,B that SiO 2 nanoparticles had good dispersion and the average diameter was about 70−90 nm; the addition of more water allowed formation of a much smaller size than that prepared by the original Stober method (220−400 nm). 33 The monodispersed SiO 2 nanoparticles were used as core support materials. As seen, CdTe QDs satellites were linked on the surface of amino-functionalized SiO 2 , and the QDs size was about 10 nm, revealing the mosaic structures of CdTe QDcoated SiO 2 particles were successfully prepared (Figure 2A,B) . As seen from Figure 2C ,D, MIPs exhibited core−shell structures and the MIP layer could be estimated to be about 5 nm in thickness on the surface of SiO 2 nanoparticles. Noticeably, the MIP particles displayed a highly rough outside polymeric surface, indicating the presence of a large number of exposed complementary imprinted cavities on the surface. The rough surfaces of SiO 2 @QDs@ms-MIPs and those worm-like channels suggested mesoporous structures existed in the silica shell, as shown in Figure 2E . In addition, the mesoporous structure of the SiO 2 @QDs@ms-MIPs was further confirmed by BET analysis. The SiO 2 @QDs@ms-MIPs specific surface area attained was 187.1 m 2 /g, higher than that of the corresponding SiO 2 @QDs@MIPs (125.9 m 2 /g), suggesting the presence of mesoporous structure. The N 2 sorption isotherm of the SiO 2 @QDs@ms-MIPs exhibited a rapid increase in the adsorption branch at a relative pressure of 0.4−0.6, which clearly indicated considerable numbers of uniform mesoporouses were present in the SiO 2 @QDs@ms-MIPs. And the uniform mesoporous had an average diameter of 4.49 nm, obtained from the Barrett−Joyner−Halenda (BJH) pore size distribution curve (the inset of Figure S1 , Supporting Information). This structure made mass transfer resistance lower, site accessibility higher, and material shape better defined for special recognition toward the template phycocyanin, which would provide a faster moving rate and higher binding capacity. As proved in the inset of Figure 2D , under the irradiation of an ultraviolet lamp, MIPs had relatively strong green fluorescence. The result proved that the hybrid structure was successfully synthesized, which possessed the CdTe QDs as sensitive fluorescence signal units and the thin mesoporous structured imprinted silica shell layer as selective recognition units.
Supporting Information (SI) Figure S2 shows the FT-IR spectra of SiO 2 (a), SiO 2 @QDs (b), and SiO 2 @QDs-ms-MIPs (c) particles. As seen, the characteristic peak around 466 and 794 cm −1 could be ascribed to Si−O stretching vibration, and the wide and strong absorption band around 1091 cm −1 could be attributed to stretching vibrations of Si−O−Si, indicating the occurrence of SiO 2 matrices in the three materials. The stretching vibration of N−H at 1631 and 3436 cm −1 proved the amino group was modified onto the surface of SiO 2 nanoparticles (SI Figure S2a) . As shown in SI Figure S2b , a new absorption peak at about 1411 cm −1 could be assigned to the C−N stretching vibration of the acylamino group, which proved the successful grafting of QDs on SiO 2 . No other characteristic peaks appeared for the SiO 2 @QDs-ms-MIPs, while the characteristic absorption peaks for SiO 2 and the acylamino group became weakened significantly, as displayed in SI Figure S2c . The results indicated that a thin imprinted shell layer was successfully modified on the surface of the SiO 2 @ QDs particles.
SI Figure S3 shows the thermogravimetry (TG) and derivative thermogravimetry (DTG) curves of SiO 2 @QDs@ ms-MIPs. With the increase of temperature from 40 to 100°C, the weight loss may be caused by the volatile loss of absorbed water. The loss amounts were 2.18%. In the range of 100−320°C
, the weight loss rate was very slow, suggesting the MIPs were very stable below 320°C. In the range of 320−580°C, remarkable loss amounts were shown with 6.59%, and the weight loss was highly likely to be caused by the decomposition of organic material in the MIPs. The peak temperature of MIPs was found at 420°C. It should be noted that the curve showed a certain increase within 600−800°C, which is very likely owing to the presence of a SiO 2 core and a large number of mesoporouses in the MIPs. In view of the conventional temperature, it could be concluded that the prepared MIPs were fully demonstrated to occupy good thermal stability at the temperature lower than 320°C. These results could also be clearly observed from the DTG curve.
3.3. Binding Performances of the SiO 2 @QDs@ms-MIPs for Phycocyanin. In order to investigate the binding performances of the SiO 2 @QDs@ms-MIPs and SiO 2 @QDs@ ms-NIPs, the adsorption capacity analysis was carried out using 0.5 mg/mL of phycocyanin. As shown in SI Figure S4 , the adsorption capacity of the MIPs was 9.95 mg/g, much larger than that of the NIPs (2.96 mg/g). This indicated that a large number of specific binding sites were produced during the MIPs preparation process after removing the template molecules. So, the MIPs could be employed as an ideal adsorption material for selective recognition and enrichment of phycocyanin.
3.4. Fluorescence Properties of the SiO 2 @QDs@ms-MIPs. In this work, after MIP shell encapsulation, the QDs were buried under the thin mesoporous structured imprinted silica layer. A key question was whether the encapsulated QDs would retain their fluorescence properties. As shown in Figure  3A , the SiO 2 @QDs@ms-MIPs shared fluorescence spectra similar to those of QDs (curve a), despite the fluorescence intensity decreasing a little, and the emission peak showed a slight red shift (curve b). This observation is consistent with that reported; 20 that is, the electric field, which was generated by a single charge close to the QDs surface, was sufficiently large to cause fluorescence quenching and red shift. The red shift could be attributed to the formation of a hybrid structure: the resultant hybrid SiO 2 @QDs@ms-MIPs could increase the effective size of the QDs and reduce the quantum size effect, which would cause a red shift of the photoluminescence maximum. 20 The existent amide bond reduced the surface charge of QDs, and thereby led to the decrease of both the orientation polarization rate around QDs and the Stokes shift of the QDs. Hence, it could be deduced that the SiO 2 @QDs@ ms-MIPs possessed good fluorescence properties.
The solution acidity played an important part in the fluorescence property because it had remarkable influences on the three-dimensional structure, the charge of phycocyanin, and the fluorescence intensity of SiO 2 @QDs@ms-MIPs. And it hence affected the rebinding of phycocyanin at different pH values. The isoelectric point (PI) value of phycocyanin was determined as 4.3. Figure 3B shows the effects of pH on the fluorescence intensity change of MIPs (left), and on fluorescence quenching amount change of MIPs in the presence of phycocyanin (right). The fluorescence intensity was low at pH less than 7.0. The fluorescence intensity increased along with an increase in pH from 6 to 7.5, and it approached a maximum at pH 7.5. The quenching changes of MIPs caused by phycocyanin shared a similar trend to the fluorescence intensity changes. When pH was higher than 7.5, the imprinting silica layer could be ionized and thereby could decrease the interaction between the template phycocyanin and the imprinted cavities. And phycocyanin may be slightly denatured at higher or lower pH values. In view of possible applications of the SiO 2 @QDs@ms-MIPs in seawater, pH 7.5 was selected for the following work.
Under optimized conditions, the fluorescence stability was examined by repeatedly detecting the fluorescence intensity every 10 min at maximum emission peak. The result shown in Figure 3C revealed a stable emission of SiO 2 @QDs@ms-MIPs within 60 min. In addition, because of the highly cross-linked polymeric characteristic, the fluorescence probe displayed good physical stability and chemical inertness. The fluorescence probe could be easily recovered, by eluting with methanol− acetate solution to remove rebound phycocyanin and rinsing with a neutral PBS to restore to the neutral blank status. So, the fluorescence probe proved excellently reproducible owing to the recoverability of five cycles with relative standard deviation (RSD) of 5.2%. Moreover, about the storage stability, the repeated detection of the fluorescence intensity was recorded every week and the intensity retained 94.7% of its initial intensity, which implied that the fluorescence probe had acceptable storage stability. Furthermore, the SiO 2 @QDs@ms-MIPs probe still provided almost consistent detection results after it was stored at 4°C in a refrigerator for 2 months. Additionally, the maintained fluorescence intensity within 60 min and 2 months showed the crucial role of the MIP silica shell which may well protect the QDs.
The response time of the fluorescence probe was also tested in order to assess the accessibility to binding sites. As seen from Figure 3D , within 4−8 min, the fluorescence intensity decrease of SiO 2 @QDs@ms-MIPs was faster (curve b), after which the curve became flat (curve b), while the SiO 2 @QDs@MIPs required 10 min (curve a) to reach equilibrium. The presence of mesoporous structure resulted in a shorter response time of the ms-MIPs. The generation of recognition sites between the pores of the mesoporous silica offered high accessibility of template molecules. Therefore, the ms-MIPs probe had a rapid response speed for phycocyanin, and 8 min was chosen as the response time for further experiments.
3.5. Possible Detection Mechanism of the SiO 2 @QDs@ ms-MIPs. The recognition and detection process for phycocyanin by the prepared SiO 2 @QDs@ms-MIPs was schematically shown in Figure 1 . As seen, the fluorescence quenching could be ascribed to the electron transfer between APTES and phycocyanin. The electron transfer from the carboxyl group to the amino groups resulted in the formation of a complex between phycocyanin and the primary amino groups. This interaction can be verified by the fluorescence spectra (SI Figure S5 ). When adding APTES into a phycocyanin solution, the fluorescence intensity of phycocyanin gradually decreased. This proved strong hydrogen bond forces to be present between phycocyanin and APTES. The absorption spectrum of the resultant Meisenheimer complex was found to have an excellent overlap with the emission spectrum of CdTe QDs, as shown in Figure 4A , which could very possibly result in energy transfer. Moreover, by comparing the fluorescent intensities of SiO 2 @QDs@ms-NIPs and template phycocyanin removed/ rebound SiO 2 @QDs@ms-MIPs, as shown in SI Figure S6 , the significantly decreased fluorescence intensity of SiO 2 @QDs@ ms-MIPs with phycocyanin (green line) suggested phycocyanin was rebound by the MIPs and caused significant fluorescence quenching. Also, the fluorescent intensity of MIPs (red line) was much larger than that of NIPs (blue line), which indicated specific recognition sites with predetermined selectivity for phycocyanin were formed in the MIPs; however, the NIPs had no imprinting cavities. These results revealed energy transfer from CdTe QDs to the complex occurred and led to the QDs fluorescence quenching.
Meanwhile, the quenching mechanism could be more clearly explained, as depicted in Figure 4B ,C. As seen from Figure 4B , in the presence of phycocyanin, the Meisenheimer complex could be formed between phycocyanin and the primary amino groups of APTES on the surface of the QDs. Then the energy of QDs would be transferred to the complex, resulting in the QDs fluorescence quenching. Thus, phycocyanin could be detected fluorescently. Furthermore, molecular orbital theory was adopted to interpret the quenching mechanism, schematically displayed in Figure 4C . As seen, the electron of QDs could accept the UV energy and then it would be excited from the ground state (valence band) to the conduction band; after that, the excited electron could return to the ground state. In the returning process, QDs could emit green fluorescence ( Figure  4C(a) ). On the other hand, with the existence of phycocyanin, a hydrogen bond could be formed between phycocyanin and the primary amino groups on the surface of the QDs. The strong interaction force would lead to electron transfer between QDs and phycocyanin. The UV and visible absorption peaks of phycocyanin are at about 227, 280, and 590 nm, very close to the conduction band of CdTe QDs, so the excited electron could directly jump into the LUMO level layer of the Meisenheimer complex. The energy level of the complex was higher than that of CdTe QDs, so the excited electrons of QDs could return back to the ground state without emitting fluorescence, which would lead to the fluorescence quenching of QDs ( Figure 4C(b) ). Therefore, phycocyanin could be detected fluorescently in this way.
3.6. Sensitivity and Selectivity of the Probe. The ability of the developed SiO 2 @QDs@ms-MIPs fluorescent probe for quantitative determination of phycocyanin was further evaluated. Under the optimized conditions, the fluorescence spectra of the probe to different concentrations of phycocyanin were recorded for sensitivity investigation. As shown in Figure  5A (upper), the fluorescence intensities decreased distinctly with the increase of phycocyanin concentrations; an excellent linearity was presented ranging from 0.02 to 0.8 μM with a correlation coefficient of 0.997, and the precisions (RSD) for the three replicate detection of phycocyanin were within 3.2% ( Figure 5A, inset) . Accordingly, fluorescence changes were displayed with the increase of phycocyanin concentrations, and the strongest green fluorescence occurred when no phycocyanin was added, as seen in the bottom panel of Figure 5A . And a favorable limit of detection (LOD, S/N = 3) of 5.9 nM was attained, which meets with the requirement of trace analysis. In contrast, the decrease of fluorescence intensity of corresponding NIPs was not obvious at the same concentration of phycocyanin, as seen in Figure 5B . A comparison of Figure  5A ,B clearly showed the decrease of fluorescence intensity of the MIPs was much larger than that of NIPs, indicating that the MIPs could greatly enhance the quenching efficiency and thereby enlarge the spectral sensitivity to phycocyanin owing to the formation of specific recognition sites with predetermined selectivity toward phycocyanin. Thus, the MIPs based probe could sensitively and accurately detect phycocyanin, demonstrating its feasibility for monitoring cyanobacterial bloom.
In this system, the fluorescence quenching followed the Stern−Volmer equation 20, 22, 35 
where F 0 and F are the fluorescent intensities in the absence and presence of quencher, respectively, K SV is the quenching constant for the quencher, and C q is the concentration of the quencher. Herein, the ratio of K sv,MIP to K sv,NIP was defined as the imprinting factor, and (F 0 /F) − 1 was defined as the quenching amount. As observed in Figure 5A ,B, MIPs and NIPs presented different Stern−Volmer plot relationships, and the decrease of fluorescence intensity of MIP-coated QDs was much larger than that of the NIP-coated QDs at the same phycocyanin concentration. And, a high imprinting factor could be obtained of 4.72. Furthermore, the selectivity of the MIPs probe was demonstrated by binding test, using phycoerythrin, spirulina powder, BSA, CEA, and LYZ. As seen from Figure 6 , the fluorescence quenching amount of the MIPs was the highest for phycocyanin, followed by phycoerythrin and spirulina powder, much larger than BSA, CEA, and LYZ which caused very close and quite low fluorescence quenching. Phycoerythrin has a structure quite similar to phycocyanin, and it is very likely to result in fluorescence quenching. Spirulina powder contains certain amounts of phycocyanin and phycoerythrin, so quenching effect was also observed. Still, the MIPs could be concluded to be selective for phycocyanin. As for BSA, CEA, and LYZ, this phenomenon can be explained from the following two aspects. First, in the synthesis process, a larger number of specific recognition sites complementary with the template molecules in shape, size, and functionality were generated on the MIPs; hence the template phycocyanin could be strongly rebound to the MIPs and then produce significant fluorescence quenching. However, BSA, CEA, and LYZ with different shapes and molecular weights from phycocyanin were not complementary to the recognition sites and thereby had less chance to quench the QDs fluorescence, although they also could interact with APTES by hydrogen bonding. Second, with fewer carboxyl groups in BSA, CEA, and LYZ, 36,37 the electrondonating ability of the molecules were weaker, and then the electron-transfer interaction between them with QDs was much weaker. As a result, the fluorescence quenching ability of the possibly interfering proteins was much lower than that of phycocyanin. Therefore, the MIPs probe possessed high selectivity toward the template phycocyanin.
3.7. Practical Application of the Probe to Environmental Water Samples. The practicability of the probe was further evaluated by selective separation/enrichment and sensitive determination of phycocyanin in seawater and lake water samples. First, SDS-PAGE was utilized to visualize protein samples in the biological fluid prepared by seawater. SI Figure S7 shows the SDS-PAGE results. As seen from lane 2, the presented three main bands indicated the existence of phycocyanin, CEA, and BSA according to their molecular weights. Lane 3 shows the supernatant after treatment with the MIPs, in which the band of phycocyanin disappeared obviously and the other two remaining bands rarely changed. Namely, most phycocyanin was specifically captured by the MIPs, while CEA and BSA were not. However, after treatment by NIPs, there were still three main bands found in lane 4, suggesting the NIPs had no selectivity for phycocyanin. On the other hand, quantification of the protein bands was carried out with gray level determination using software BandScan 5.0. The following information could be attained: in lane 2, without treatment, the present amount of phycocyanin was calculated as 27.9% of the total proteins; in lane 3, after treatment by MIPs, phycocyanin decreased to 10.7%, which could be roughly estimated that 38.4% (the ratio of 10.7% to 27.9%) phycocyanin remained and 61.6% phycocyanin was adsorbed by MIPs. These results indicated that specific recognition sites were generated in the MIPs and the MIPs were practically applicable for selective separation and enrichment of phycocyanin from protein mixtures.
Furthermore, the detection of phycocyanin in seawater and lake water samples was performed to evaluate the practical applicability of the MIPs probe. As listed in Table 1 , satisfactory recoveries and accuracies were attained in a range of 95.0− 103.5% with RSDs of 3.2−5.3% for the spiked seawater samples with three concentrations. As well as, the recoveries for the spiked lake water samples were 94.0−105.0% with RSDs of 3.6−4.5%. Overall, these results confirmed the developed fluorescent probe was practically feasible for accurate determination of trace phycocyanin in complex environmental water samples. Table 2 . 17, [20] [21] [22] [23] [24] 38 As seen from the table, the reported CdSe/ZnS QDs-MIP can qualitatively identify caffeine, but the quantitative determination is quite difficult. 38 Quantitative analysis has been increasingly reported, for example, MIP-capped CdTe QDs for 2,4,6-trinitrotoluene, 20 MIP-coated CdTe QDs for cytochrome c, 17 and epitope MIPcoated CdTe QDs for BSA 23 but with low sensitivity ( Table 2 ). The low sensitivity problem commonly exists in MIPs based QDs systems. During the preparation process, the MIPs layers are synthesized by encapsulating QDs into highly cross-linked polymers, and QDs are far from the surface of particles. Consequently, the amounts of interaction sites between the target molecule and the functional monomer are relatively low, which reduces the sensitivity of the system. More efforts still need to be made to further enhance the sensitivity of MIPs based QDs systems while retaining their high selectivity. On the other hand, the developed MIP-coated CdSe QDs for ractopamine 21 and ZnS/Mn QDs@MIP for diazinon 24 attain relatively high sensitivity, but their response time is relatively long ( Table 2) . Possibly, reducing the MIP-shell thickness and providing (meso)porous structures are two effective ways to improve sensitivity and shorten response time. Excitingly, our developed SiO 2 @QDs@ms-MIPs probe system has demonstrated high sensitivity and rapid response for the fluorescent detection of protein. In our present study, the MIPs layers are anchored on the surface of CdTe QDs via a surface imprinting process. The ultrathin imprinting shell layer of about 5 nm facilitates higher sensitivity and shorter analysis time. Furthermore, the mesoporous structures also play an important role in sensitivity improvement and response rapidity.
CONCLUSIONS
In summary, a novel mesoporous structured SiO 2 @QDs@ms-MIPs probe was fabricated through a sol−gel core−shell imprinting process for the determination of trace phycocyanin based on electron-transfer-induced fluorescence quenching. By combining the strong fluorescence QDs and high selectivity MIPs, the SiO 2 @QDs@ms-MIPs demonstrated specific recognition and sensitive detection ability for phycocyanin. The responsiveness, reproducibility, stability, and practicability of the phycocyanin probe were all proved satisfactory. The probe can be utilized as an alternative analytical tool for phycocyanin, which may be greatly favorable for the protein evaluation of physiological, biomedical, and environmental issues. More endeavors should be continuously made to push forward the 
